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Transient thermography using evanescent microwave microscope
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Very high spatial resolution thermography is of great importance in electronics, biology, and in
many other situations where local variations in temperature are needed to study heat dissipation or
to monitor metabolism rate which can be directly related to the heat production. Infrared imaging
techniques probably are the best way of obtaining thermal maps of large structures. However, the
spatial resolution of infrared imaging techniques is limited to a few 100mm and their temperature
resolution is usually around 0.1 K. Here we report on a new evanescent microwave method that is
capable of mapping temperature distributions with'1 mm spatial resolution. The temperature
sensitivity of this probe was better than 0.1 V/K with a minimum detectable signal of 0.01 K with
a response time faster than 1ms. © 1999 American Institute of Physics.@S0034-6748~99!01308-8#
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I. INTRODUCTION

Thermography with a high spatial resolution is of impo
tance in many different areas. In microelectronics, it can
used to monitor thermal buildup and heat dissipation at
site of an electronic device. Such a monitoring capability
of importance in validating the thermal design of the dev
and it can be used to provide a feedback to modify the de
structure. In biology, production of heat is directly related
the cell’s metabolism and monitoring the temperature at
cell surface can be used to monitor its internal activity.

The main objective of this work is to discuss the app
cation of the evanescent microwave probe~EMP! to measure
local temperature with very high spatial and temperat
resolutions nondestructively and nonintrusively. The EM
technique has been previously applied in nondestruc
characterization of materials, and to the best of our kno
edge the present work reports its applications in trans
thermography for the first time. It is well known that th
evanescent electromagnetic fields can be used to surpas
Abbe barrier in microscopy and to resolve objects mu
smaller than the wavelength of the excitation fields.1–13 In a
series of recent articles,4–13 we have shown that a recor
resolution ofl/750 000, which at 1 GHz results in 0.4mm
lateral resolution, can be obtained using evanescent mi
wave probes.6 Local probes, such as the scanning tunnel
microscope~STM!, atomic force microscope~AFM!, scan-
ning near-field optical microscope~SNOM!, and various mi-
crowave near-field microscopes, have become quite pop

a!Electronic mail: mxt7@po.cwru.edu
3380034-6748/99/70(8)/3387/4/$15.00
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and drawn the attention of many researchers in recent ye
Evanescent wave imaging methods are quite power

and most of the recent scanning techniques with atomic
near atomic resolutions use some form of evanescent
phenomena. STM, for example, uses evanescent electr
wave functions to image atoms at the surface ofmetalsor
other conducting materials. SNOM uses evanescent optic
fields to image variations in the refractive index or optic
absorptionwith spatial resolution of 50–100 Å~this is ap-
proximatelyl/100, withl'5000– 10 000 Å!. AFM uses in-
teractions between near-field electronic wave functions
atomic cores to image atoms at the surface of insulators
all these methods the spatial resolution is essentially lim
by noise in the system for a given probe tip geometry a
sensing method.

According to our previous findings, a well-designed tw
dimensional~2D! stripline microwave probe should dete
metallic features of less than 0.1mm size in a dielectric
background or dielectric lines of the same feature size i
metallic background at 1 GHz.5 The spatial resolution of the
probe was theoretically found to be directly proportional
its tip size, and it is strongly affected by the distance betwe
the tip and the sample. The conductivity resolution of th
probe was estimated to be 1022ss in metals and 1024ss in
semiconductors, and its permittivity resolution is 1023es in
dielectrics. Experimentally, we have found a spatial reso
tion of l/750 000 ~0.4 mm! and conductivity resolution of
1021ss in metals, 1024ss in semiconductors, and 1023es in
dielectrics at 1 GHz.5
7 © 1999 American Institute of Physics
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II. PRINCIPLE OF OPERATION

Figure 1 shows the EMP geometry used in our wo
The resonator region is terminated by a tapered tip and
tip is positioned and scanned over a sample. The presen
the sample changes the resonance as shown in Fig. 2.
easiest method is to measure the change in the reflec
coefficient of the resonator at a fixed operation frequency.
achieve the largest possible sensitivity in this method,
operation frequency should be chosen carefully. If the p

FIG. 1. ~a! Evanescent microwave probe.~b! Experimental setup.

FIG. 2. ~a! Two EMP spectra obtained with~R! and without~A! a resistive
sample in front of the probe. The difference between these two spe
~R-A! and the difference spectra between cold and heated resistive sa
(Rc-Rh) are also shown. The resonance frequency (f c) was 893 MHz.
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.
e
of
he
on
o
e
r-

turbation by the sample is not very large, the operation f
quency corresponding to the maximum probe sensitivity
be obtained by differentiating the reflection spectrum w
respect to the frequency. Figure 2 also shows the chang
the resonator’s reflection spectrum when the temperatur
resistive sample placed near the tip was increased by 0.

Given a change in the reflection coefficient ofDS11 per a
small perturbation in temperature ofDT of a sample placed
in the vicinity of the probe, we can detectDS11 only if it is

FIG. 3. ~a! EMP scans of a resistor strip shown in the inset. The resistor
used as a heater and the EMP scans were obtained when the resisto
cold and after the resistor was heated by passing 5 mA at 2 V across it.~b!
EMP response as a function of time as the heater was excited with va
voltage pulses indicated in the figure. The EMP was located at point ‘‘
on the resistor as shown in~a! inset. ~c! EMP time response to a 2 V
excitation applied to the heater at three different locations on the ‘‘A
‘‘B,’’ and ‘‘C’’ on the strip. These locations are shown in~a! inset.
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equal or larger than the noise level in the system@Fig. 1~b!#.
This requirement of signal-to-noise ratio~SNR! of unity is an
arbitrary requirement since it can be improved by using s
chronous detection methods discussed elsewhere. Here
assume SNR of unity. As shown in Fig. 2, the detected sig
DS11 can be related to the slope of the resonator atf x ( f x is
the operation frequency that is kept fixed throughout
measurement! using the following relationship:5

DS11'
DS11

D f U
f x

3D f . ~1!

Noting that the slope (DS11/D f ) f x
is the sensitivity of

the resonator atf x , we denote it bySx . Furthermore, the
minimum-detectable signal~MDS! is defined as the smalles
change in the input~i.e., the measurand! that produces an
output (DVout5DS11Vin) equal to the rms value of the nois
(Vnrms). We note that in the case of a sample where its c
ductivity changes byDs in response to aDT change in its
temperature,DS11 can be written as

DS11

DT
5

DS11

D f
3

D f

Ds
3

Ds

DT
[Sx3Sf3SsT , ~2!

where Sx is the frequency sensitivity of the resonato
(5DS11/D f ), Sf is the shift in the resonator resonance p
unit change in the conductivity (5D f /Ds) of a sample
placed near the tip, andSsT is the temperature sensitivity o
the sample (5Ds/DT). Thus, for MDS we can write

MDS5DT5
DS11

Sx3Sf3SsT
[

Vnrms/Vin

Sx3Sf3SsT
, ~3!

whereDT is the smallest detectable change in the tempe
ture of the sample. Equation~3! clearly shows that to im-
prove MDS,Sx andSf , andSsT should be maximized.Sx is
related to the quality factor of the resonator whileSf is de-
termined by the physical interaction between the evanes
fields and the sample as discussed in Ref. 5.SsT is given by
the conduction process in the sample and in the case o
trinsic silicon it is proportional to20.2s S/cm K near the
room temperature. In the case of intrinsic semiconduct

FIG. 4. The steady-state EMP output as a function of temperature of
heating element. The experimental dependence of the EMP voltage~DV!
was 29.9710.1014 T as determined from the above graph. The error ba
DV, obtained from run to run, was60.004 V.
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SsT is exponentially proportional to temperature. In the ca
of metals it is negative and it is in the range of20.001s
S/cm K near room temperature. Insulators are similar to
trinsic semiconductors.

In our case, theVnrms was around 4 mV,Vin was 22 V,
Sx was around 531028, Sf was 83108 Hz/S/cm, andSsT

was 0.01 S/cm K. These values result in a minimum dete
able temperature~signal! of 0.531023 K.

III. EXPERIMENTAL PROCEDURE AND DATA

The experimental setup is shown in Fig. 1~b! and it is
similar to the setup previously reported.3–13 It consists of a
microwave resonator coupled to a feedline@Fig. 1~a!# and
connected to a circulator. The circulator is also connected
a 0.01–1.05 GHz signal generator, and to a crystal mic
wave detector. The detector output is a dc voltage prop
tional to the magnitude of the reflected wave. This voltage
fed to an amplifier and thence to a lock-in amplifier. Th
probe is mounted vertically over anx-y stage@Fig. 1~b!#.
Both thex-y stage, and the frequency generator, were c
trolled by a computer. The computer also acquires data fr
the lock-in amplifier. In synchronous measurements, eit
the probe or the sample is vibrated at'100 Hz. Although a
bit more involved, both from the design and constructi

e

f

FIG. 5. ~a! EMP scan over the photoresistor shown in the inset.~b! Time
response of the EMP at location ‘‘A’’ over the photoresistor to an optic
pulse~the first part of the response! and to a thermal pulse that was gene
ated in the photoresistor by applying a voltage pulse of 6 V~current was 40
mA!.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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points of view, vibrating the probe is better than vibrating t
sample. Specially, in the case of a large sample, it is
possible to uniformly vibrate the sample without affecti
the probe performance.

During measurements the sample was fixed on thex-y
stage. To improve the spatial resolution of the EMP, a w
with a pointed etched tip is usually attached to the tape
portion of the resonator.6 We have shown that the EMP’
spatial resolution is directly determined by the geometry
this wire’s tip, i.e., a smaller tip improves spatial resolutio
Moreover, the tip-to-sample distance should be made
small as possible to achieve very high spatial resolutions

In Fig. 3~a! two EMP scans over a resistive strip a
shown. One of these scans was obtained while the strip
at room temperature~the so-called ‘‘cold’’ scan! and the sec-
ond scan was obtained while applying 2 V to theresistive
strip ~the so-called ‘‘heated’’ scan!. The optical micrograph
of the strip is shown in the Fig. 3 inset. Figure 3~b! shows the
EMP responses at point ‘‘A’’ on the strip for different exc
tation voltages. Figure 3~c! shows the EMP responses
three different positions on the sample for 2 V excitation
applied to the resistive strip. As the EMP was moved aw
from the strip, the temperature variations became smalle
can also be seen from the EMP scans shown in Fig. 3~a!.

In all the above transient measurements the EMP
sponse time was faster than 1ms as reported in Ref. 5. Th
EMP’s operation frequency is around 1 GHz and its respo
is mainly limited by the bandwidth of the detector and su
sequent amplifiers that typically have larger than 1 M
bandwidth. Hence, all the transients in the EMP respo
curves are due to the thermal response of the material.

Figure 4 shows the steady-state EMP output as a fu
tion of the strip’s temperature. This figure was calibrated
measuring the strip’s temperature at different excitation v
ages using a precision GaAsP-N diode temperature senso
The temperature sensitivity of EMP in this case was aro
0.10 V/K ~or V/K! and the rms voltage noise was 4 mV. Th
resulting minimum detectable temperature change was
K.

In Fig. 5 an EMP scan over a photoresistor is shown.
point ‘‘A’’ at the surface of this photoresistor, shown in th
Fig. 5 inset, the EMP response as a function time was
corded to monitor the optical and thermal responses of
photoresistor. These responses are shown in Fig. 5~b!. The
EMP response starting neart50 is due to the optical re
sponse of the photoresistor. The second and more sha
EMP response was obtained when the photoresistor was
cited by a 6 V pulse ~40 mA was drawn by the resistor!.
These scans clearly show the ability of EMP in monitori
various processes that may take place inside the semi
ducting material.

Figures 3–5 clearly demonstrate the capability of EM
in performing temporal and spatial thermography with ve
Downloaded 09 Oct 2001 to 128.156.10.11. Redistribution subject to A
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high spatial and temperature resolutions. The spatial res
tion of the EMP is shown to be around 0.4mm at 1 GHz. In
the case of temperature maps, such a high spatial resolu
may not be necessary since the thermal diffusion proc
inevitably results in more diffuse temperature profiles. T
is particularly true in the case of highly thermally conducti
substrates such as Si, SiC, or diamond~C!.

Along with the conductivity of a sample, some of i
other parameters may vary as a function of temperature.
real part of permittivity and any volumetric measures w
also vary as a function of temperature and, hence, will c
tribute to the EMP signal. However, in most cases the c
ductivity variations as a function of temperature usua
overshadow these other contributions.

Although we mentioned possible applications of EM
thermography in biology, we did not include any experime
tal results regarding biological specimens in the pres
work. These other applications can be viewed as natural
obvious extensions of the present studies.8–13

We demonstrated the application of the evanescent
crowave probes in performing transient and steady-state t
mography of semiconducting materials and devices for
first time. The sensitivity of the EMP probe in detecting tem
perature variations was determined by three factors. Th
factors included the sensitivity of the EMP’s resonator to
change in its operation frequency, to the interaction mec
nisms between the probe and the sample, and to the temp
ture coefficient of the samples’s conductivity. In the case
a 2.531023 S/cm, the EMP’s temperature sensitivity wa
found to be 0.1 V/K and its response time was faster tha
ms.
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